This study sought to evaluate whether pulse wave velocity (PWV), a noninvasive index of arterial stiffness, is a predictor of the longitudinal changes in systolic blood pressure (SBP) and of incident hypertension.
Background
Although arterial stiffness is believed to underlie, in part, the age-associated changes in SBP, particularly at older ages, few longitudinal studies in humans have examined the relationship between arterial stiffness and blood pressure.
Methods
Pulse wave velocity was measured at baseline in 449 normotensive or untreated hypertensive volunteers (age 53 Ϯ 17 years). Repeated measurements of blood pressure were performed during an average follow-up of 4.9 Ϯ 2.5 years.
Results
After adjusting for covariates including age, body mass index, and mean arterial pressure, linear mixed effects regression models showed that PWV was an independent determinant of the longitudinal increase in SBP (p ϭ 0.003 for the interaction term with time). In a subset of 306 subjects who were normotensive at baseline, hypertension developed in 105 (34%) during a median follow-up of 4.3 years (range 2 to 12 years). By stepwise Cox proportional hazards models, PWV was an independent predictor of incident hypertension (hazard ratio 1.10 per 1 m/s increase in PWV, 95% confidence interval 1.00 to 1.30, p ϭ 0.03) in individuals with a follow-up duration greater than the median.
Conclusions
Pulse wave velocity is an independent predictor of the longitudinal increase in SBP and of incident hypertension. This suggests that PWV could help identify normotensive individuals who should be targeted for the implementation of interventions aimed at preventing or delaying the progression of subclinical arterial stiffening and the onset of hypertension. The incidence and prevalence of hypertension increase with advancing age. Hypertension afflicts approximately 50 million individuals in the U.S. and over 1 billion individuals worldwide (1) . Furthermore, hypertension is associated with increased morbidity and mortality (2) . Among hypertensive subjects with at least 1 other cardiovascular risk factor, the 6-year incidence of fatal and nonfatal myocardial infarction is 11%, and the 6-year incidence of total cardiovascular events is 33% (3) . These rates are likely underestimates because hypertension is under-recognized and inadequately treated in the community (4) . Thus, strategies to identify normotensive subjects who are at increased risk for developing hypertension as they age and efforts to elucidate the mechanisms that underlie this increased risk are critical to the development and implementation of measures that may effectively delay or prevent hypertension.
Carotid-femoral pulse wave velocity (PWV) is a marker of central arterial stiffness that can be measured noninvasively. Pulse wave velocity is an independent predictor of coronary heart disease and stroke in healthy subjects (5) , and an independent predictor of mortality in the general population (6), in hypertensive subjects (7) , in older community-dwelling (8) and hospitalized (9) individuals, and in patients with end-stage renal disease (10). Both age (11) and distending blood pressure (BP) (12) are major determinants of PWV. It is believed that age-associated arterial stiffening is accelerated by chronic elevations in BP caused by structural and functional alterations in the walls of the central elastic arteries (13) . In turn, arterial stiffness is believed to underlie, in part, the age-associated changes in systolic blood pressure (SBP) and diastolic blood pressure (DBP), particularly at older ages (14) . To the best of our knowledge, the relationship between PWV and the longitudinal changes in BP has not been reported. Thus, the aims of this study were to evaluate whether, in healthy volunteers, PWV is an independent predictor of the longitudinal changes in SBP and of incident hypertension.
Methods
Study population. The BLSA (Baltimore Longitudinal Study of Aging) is a prospective study of communitydwelling volunteers who undergo approximately 2 1 ⁄2 days of medical, physiological, and psychological examinations at regular intervals (15) . Pulse wave velocity was performed on a subset of 714 BLSA participants, chosen in a random fashion on days when testers were available, and who were free of overt coronary artery disease as defined by history of angina pectoris, documented myocardial infarction, or major Q waves on resting electrocardiograms (Minnesota Code 1:1 or 1:2). Of those, 92 were excluded from this analysis because they were on concurrent BP-lowering medications at the time of the PWV measurement, 17 were excluded because of missing covariates, and 156 were excluded because they did not have any follow-up visit. All subjects signed an informed consent at each study visit. Variables measured. Height and weight were determined for all participants. Body mass index (BMI) was calculated as body weight (kg)/height 2 (m 2 ). Smoking status was ascertained by a questionnaire. Total and fractionated cholesterol, triglycerides, and plasma glucose were determined in the fasting state as previously described (16) .
Blood pressure determinations were performed in the morning, after a light breakfast, with subjects in the seated position, after a 5-min quiet resting period. Brachial BP was measured in triplicate by auscultation in both arms with a mercury sphygmomanometer using an appropriately sized cuff. The BP values used in this study are the average of the second and third measurements on both the right and left arms. Values for SBP and DBP were defined by Korotkoff phases I and V, respectively. Pulse pressure (PP) was computed as PP ϭ (SBP Ϫ DBP); mean arterial pressure (MAP) was computed as MAP ϭ DBP ϩ (1/3 ϫ PP).
Pulse wave velocity was measured using nondirectional transcutaneous Doppler probes (model 810A, 9 to 10-Mhz probes, Parks Medical Electronics, Inc., Aloha, Oregon) as previously described (11): A minimum of 10 arterial flow waves from the right common carotid artery and the right femoral artery were simultaneously recorded, and were averaged using the QRS for synchronization. Pulse wave velocity was calculated as the distance traveled by the flow wave (measured with an external tape measure over the body surface) divided by the time differential between the feet of simultaneously recorded carotid and femoral arterial flow waves. Statistical analyses. All analyses were performed using the SAS package (version 8.1, SAS Institute Inc., Cary, North Carolina). Data are presented as mean Ϯ SD or proportions. Comparisons between groups were performed using chi-square tests for categorical variables and two-sample t tests for continuous variables.
The predictors of SBP at the last visit were evaluated with multiple regression analyses. The longitudinal changes in SBP (and PP) were analyzed with linear mixed effects regression models (17) , which easily accommodate unbalanced, unequally spaced observations (18) , and consequently are ideal tools for analyzing longitudinal BLSA data (16, 19) . In these models, the dependent variable (i.e., SBP or PP) was assessed on the baseline visit and during all follow-up visits, whereas the independent variables were only measured on the baseline visit. The following variables, measured or calculated on the baseline visit, were entered into all of the models as fixed effects: age, age 2 , gender, race, smoking, BMI, heart rate, MAP, total and high-density lipoprotein (HDL) cholesterol, triglycerides, fasting plasma glucose, and PWV.
In mixed-effects regression models, the interaction term between a fixed effect variable and time evaluates whether this variable is a predictor of the longitudinal changes in the dependent BP variable. Thus, the interaction terms between time and all of the aforementioned fixed effect variables were evaluated, but only the statistically relevant (p Ͻ 0.1) ones were included in the models.
All models also included intercept and time as random terms. Random effects allow each participant's beginning value to vary from the population average (intercept) and the longitudinal trajectory to vary from the population average longitudinal trajectory (slope). No structure was imposed on the covariance matrix of these random effects, and the errors were assumed to be independent with constant variance.
Among the subgroup of individuals in this cohort who were normotensive (SBP Ͻ140 mm Hg and DBP Ͻ90 mm Hg) at baseline, incident hypertension (HTN) was defined as SBP Ն140 mm Hg, or DBP Ն90 mm Hg, or the use of antihypertensive medications on a follow-up visit. The variables that predicted the future development of HTN were evaluated with Cox proportional hazards models. In a first set of models, it was noted that the interaction term between duration of follow-up and PWV was significant (p Ͻ 0.0001), indicating that PWV's ability to predict incident HTN differed according to the duration of followup. The cohort was therefore stratified according to median follow-up duration. Within each stratum, stepwise Cox models were constructed in which age and baseline SBP were forced into the models because they are well established predictors of HTN, and the following variables were added in a stepwise forward manner, whereby only the statistically significant ones were retained in the models: gender, race, smoking, BMI, DBP, PWV, heart rate, total cholesterol, HDL cholesterol, triglycerides, and glucose. The proportionality assumption was confirmed for these models.
Results
The baseline characteristics of the study cohort stratified by gender are shown in Table 1 . These normotensive and untreated hypertensive subjects were followed up for an average of 4.9 Ϯ 2.5 years (range 1 to 12 years), representing an average of 3.1 visits per person. Specifically, 171 participants had 2 visits, 150 had 3 visits, 71 had 4 visits, 41 had 5 visits, and 16 had 6 or more visits. For those who were started on antihypertensive medications during the follow-up period, their BP data were censored at the last visit on which they were not receiving antihypertensive medications (i.e., the visit immediately preceding the one with medications). PWV and longitudinal SBP. We first evaluated the association between variables measured at baseline and SBP measured on the last visit, with multiple regression analyses. As expected, age, BMI, and MAP were independently associated with higher SBP on the last visit (Table 2 ); in addition, PWV was also independently associated with higher SBP on the last visit, and explained 4% of its variance. Next, we took advantage of the repeated measurements of BP at each follow-up visit to characterize the longitudinal changes in SBP over time in our cohort. Using linear mixed-effects regression models, we evaluated the predictors of the longitudinal changes in SBP. In these models, a statistically significant interaction term between time and a predictor variable indicates that the longitudinal changes in SBP are influenced by this variable. As shown in Table 3 , age, BMI, and MAP (p ϭ 0.09, p ϭ 0.009, p Ͻ 0.0001 respectively for the interaction terms with time) were predictors of the longitudinal changes in SBP. In addition, PWV was also an independent predictor of the longitudinal increase in SBP (p ϭ 0.003 for the interaction term with time). The contribution of PWV to the mixed effects models was evaluated by comparing models that included and excluded PWV: after adjusting for the other covariates in the model, PWV accounted for 16% of the variance in the longitudinal changes in SBP (20) . Of note, the main effect of PWV was statistically significant (p ϭ 0.006) when the model was run without the interaction term between PWV and time. Figure 1 provides an example that illustrates the effects of PWV on the predicted longitudinal increase in SBP. When stratified according to age-decade-specific quartiles of PWV, a 40-year-old man whose PWV is in the highest quartile has, on average, a higher SBP at baseline than a 40-year-old man whose PWV is in the lowest quartile (120 mm Hg vs. 111 mm Hg), and an accelerated increase in SBP over the ensuing 10 years (11 mm Hg vs. The predictor variables were all measured at the baseline visit. Model R 2 ϭ 0.42.
Multiple Regression Analysis Evaluating the Predictors of Last Visit SBP
Abbreviations as in Table 1 .
Baseline Characteristics of the Study Cohort BMI ϭ body mass index; DBP ϭ diastolic blood pressure; HDL ϭ high-density lipoprotein; LDL ϭ low-density lipoprotein; MAP ϭ mean arterial pressure; PP ϭ pulse pressure; PWV ϭ pulse wave velocity; SBP ϭ systolic blood pressure.
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Pulse Wave Velocity and Blood Pressure 5 mm Hg) (Fig. 1A) . Similarly, a 70-year-old man whose PWV is in the highest quartile has, on average, a higher SBP at baseline than a 70-year-old man whose PWV is in the lowest quartile (138 mm Hg vs. 128 mm Hg), and an accelerated increase in SBP over the ensuing 10 years (17 mm Hg vs. 11 mm Hg) (Fig. 1B) . PWV and longitudinal PP. Using mixed-effects linear regression models, we also evaluated the determinants of the longitudinal changes in PP. In the overall cohort, only age was an independent predictor of the longitudinal increase in PP (p Ͻ 0.0001 for the interaction term with time), whereas PWV was only a determinant of higher PP (p ϭ 0.03), but not of longitudinal changes in PP (Online Table 1 ). This is likely related to accelerated increases in DBP among younger individuals with higher PWV (data not shown), which balance the longitudinal increases in SBP. Indeed, when the analyses were repeated after stratifying the cohort into tertiles of age, PWV was an independent predictor of the longitudinal increase in PP (p ϭ 0.04 for the interaction term with time) among individuals over the age of 60 years (highest tertile) (Online Table 2 ). PWV as a predictor of incident hypertension. Because PWV was an independent determinant of the longitudinal increase in SBP, we next evaluated whether PWV could also predict the future development of HTN among the 306 individuals from our cohort who were normotensive at the baseline visit, during which PWV was assessed. Over a median follow-up of 4.3 years (mean 4.7 Ϯ 2.5 years, range 2 to 12 years), HTN developed in 105 (34%). Of note, unlike the preceding set of analyses, censoring was not performed on the visit preceding the one with medication. The baseline characteristics of the subjects who remained normotensive during follow-up versus those in whom hypertension developed, stratified according to median follow-up duration, are shown in Table 4 . The predictors of incident HTN were evaluated with stepwise Cox models, in which age and baseline SBP were forced into the models. In the group with shorter follow-up duration, no other variable The model also included race, smoking, heart rate, cholesterol, HDL, triglycerides, and glucose, which were all nonsignificant. Abbreviations as in Table 1 .
Predictors of Longitudinal SBP Derived From a Linear Mixed-Effects Regression Model

Figure 1 Baseline and Predicted 10-Year Longitudinal Changes in SBP
Baseline and predicted 10-year longitudinal changes in systolic blood pressure (SBP) for men with starting ages 40 years (A) and 70 years (B) whose pulse wave velocity (PWV) at baseline was in the highest versus lowest quartile. For both starting ages, men whose baseline PWV was in the highest quartile showed an accelerated increase in SBP compared with men whose PWV was in the lowest quartile. Quartiles of PWV were separately defined for each age-decade. (Fig. 2) were independent predictors of incident HTN.
Discussion
The main findings of this study are that PWV, a marker of central arterial stiffening, is an independent determinant of longitudinal SBP increase in healthy BLSA volunteers, and an independent risk factor for incident hypertension among normotensive subjects followed up for longer than 4 years. Arterial stiffness as a predictor of HTN. At least 2 prior studies have identified indices of central arterial stiffness that predicted future HTN in normotensive communitybased samples. Liao et al. (21) previously showed that in normotensive middle-aged (45 to 64 years) participants in the Atherosclerosis Risk in Communities (ARIC) Study, indexes of carotid arterial elasticity were independent predictors of future HTN over a 6-year mean follow-up. Similarly, Dernellis and Panaretou (22) showed that echocardiographic indexes of aortic stiffness were independent predictors of incident HTN in normotensive subjects across a broad age span (35 to 94 years) who were followed up for 4 years.
Our findings are in agreement with these 2 previous studies and extend them insofar as we show, for the first time, that PWV, one of the most widely used indexes of central arterial stiffness, is also an independent predictor of It is worth noting that unlike the ultrasonographically derived indexes of carotid and aortic distensibility that were used in the 2 prior studies (21, 22) , PWV has been shown to be an independent risk factor for cardiovascular morbidity and mortality in diverse populations (5) (6) (7) (8) (9) (10) . The finding that PWV was a predictor of incident HTN only in subjects with a follow-up duration Ͼ4 years but not in subjects with a shorter follow-up duration is not surprising because the increase in BP that is attributable to the higher arterial stiffness is expected to be a gradual process. We cannot exclude the possibility that our sample size was underpowered to discern the independent predictive effects of PWV in the group with the shorter follow-up duration, particularly because our models were adjusted for age and baseline SBP. SBP as a predictor of arterial stiffness. It is traditionally believed that arterial stiffening is accelerated by higher SBP because of the structural and functional alterations in the walls of the central elastic arteries in response to the chronically elevated distending pressures (13) . In the Framingham Heart Study (23), the longitudinal increase in pulse pressure, a surrogate measure of arterial stiffness, was greater in subjects with higher baseline SBP. In the Bogalusa Heart Study (24), the cumulative burden of SBP measured since childhood and over an average follow-up of 26.5 years was an independent predictor of brachial-ankle PWV measured in young adulthood. However, this analysis was not adjusted for baseline arterial stiffness because the latter was not assessed during childhood.
Importantly, 2 longitudinal studies of carotid-femoral PWV that did adjust for baseline arterial stiffness did not find SBP to be an independent predictor of the longitudinal changes in PWV. Benetos et al. (25) found that after a 6-year follow-up, SBP was not an independent predictor of PWV increase among normotensive or hypertensive subjects, although the increase of PWV in poorly controlled hypertensive subjects was significantly greater than that in well-controlled hypertensive subjects and in normotensive subjects. Wildman et al. (26) found that after a 2 year follow-up, SBP was not associated with the annual change in PWV, even by univariate analyses. In contrast, our present study and those by Liao et al. (21) and Dernellis and Panaretou (22) collectively provide robust evidence of the converse, namely that arterial stiffening precedes and predisposes to accelerated longitudinal increases in SBP and to future HTN. In other words, arterial stiffening is not simply an adaptive response of blood vessels to distending pressures; rather, when it is accelerated, arterial stiffening is an underlying pathophysiological cause of the increase in pressure. Implications. Although studies attempting to characterize normotensive populations at risk for the development of HTN have largely focused on measurements of BP (27) , our results suggest that PWV could potentially serve as a valuable additional tool to help in risk stratifying these individuals. Furthermore, because PWV is a risk factor for incident HTN efforts to find cost-effective and efficacious de-stiffening interventions should be intensified. Traditionally, the age-associated increase in arterial stiffness has been attributed to cumulative wear-and-tear induced fragmentation and depletion of elastin, as well as the deposition of collagen (13) . Recent findings suggest that central arterial stiffness is also regulated by other processes (28) , including alterations in the signaling cascades of nitric oxide, endothelin-1, and other putative cell-signaling molecules. Future studies are needed to determine whether interventions that target these pathophysiological processes can succeed in preventing or delaying the onset of HTN. Study limitations. The BLSA participants tend to be predominantly white, well-educated, and health-conscious individuals, which limits the generalizability of our findings to other populations. Our study only included measurements of brachial BP, which are overestimates of central SBP and PP caused by pressure wave amplification across the arterial tree. However, central BP is seldom available in clinical practice, and is rarely assessed in epidemiological and longitudinal studies of BP. Because the diagnosis of hypertension was made by the presence of antihypertensive medications in 44% of subjects in whom hypertension developed during follow-up, we were not able to evaluate whether PWV's ability to predict hypertension varied according to the type of hypertension (i.e., systolic vs. diastolic vs. mixed). Because of the important effect of distending pressures (MAP) on arterial stiffness, adjusting the mixedeffects models for baseline MAP is necessary (and is one of the strengths of this analysis); however, this could introduce a bias in favor of the estimated coefficient of PWV because MAP is closely related to the outcome of interest (29) .
Conclusions
We found that arterial stiffness, as indexed by PWV, is an independent predictor of the longitudinal increase in SBP and of incident HTN. Because higher SBP and established HTN are associated with significant cardiovascular morbidity and mortality (2,3), our findings suggest that PWV could potentially serve as a screening tool to identify normotensive individuals at higher risk, who could be targeted for pharmacological and nonpharmacological interventions aimed at preventing or delaying the progression of subclinical arterial stiffening and the onset of HTN.
